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ABSTRACT 

All Aculifera, other than neomcnioids, fertilize externally with ectaquasperm but these vary greatly in structure between 
Polyplaeophora and Aplacophora, reflecting different modes of fertilization. These structural differences provide us with 
an additional set of relatively conservative characters with which to examine the phylogeny oi Aculifera in relation to 
other MoUusca and to Bilateria as a whole. Primitive chitons, perhaps similar to Lepiochitan asellus. probably had 
ectaquasperm with a large acrosome that peneiraied a smooth thick-hulled egg by the release of digestive enzymes and the 
extrusion of a perforatorium (as is typical of other molluscs), fn the majority of extant chitons, such as Crypiochtton 
sielleri, the acrosome has been reduced to a liny vesicle that digests a pore in the egg envelopes, through which a needle¬ 
like portion of the nucleus (replacing the perforatorium), penetrates to fuse With an egg microvillus. The egg hulls ol these 
chitons are elaborated into complex spines or cupules. which may be open or closed. In closed cupule species sperm 
penetrate between cupules, whereas in open cupule species sperm are attracted inside the cupules to fertilize. Ectaquasperm 
of Chaetodermomorpha are highly unusual with many derived features indicating a long divergence of the group. Sperm 
exposed to egg water exhibited an elongation of the apical lube, which suggests a novel polymerization process since a 
typical subacrosomal granule is absent. Introsperm of Neomeniomorpha are similar to those of internally fertilizing 
prosohranch snails as well as some polychaete annelids, but are closest in morphology to the parasperm of Frotodnlus 
sp. a primitive annelid. This provides additional support for the theory that molluscs and annelids are sister tax a and also 
suggests that internal, not external, fertilization, may be plesiomorphic to both groups. This would require secondary 
evolution of ectaquasperm, an idea that has also been suggested for teleost fishes to explain the occurrence ol inyosperrn 
in basal groups. Furthermore, all extant Platyhelminthe.s have imrosperm but only Nemenoderma sp considered a basal 
member of the group, has a plausible acro.some, filiform nucleus and midpiece. and typical 9-i-2 flagellum. Plaiyhelrainlhes 
are widely regarded as basal to the Bilateria which suggests, in contradiction to the widely held belief that early bilatenans 
fertilized externally, that the common bilaterian ancestor of Plalyhelmimhes and Eubilateria fertilized mternally with 
introsperm. This indicates that Bilateria are a monophyleilc group, their basal members being united by the shared 
synapomorphies of .similar imrosperm and internal fertilization, which are absent in all extant Radiata. 


RESUME 

Ultrastructure des spermatozoides et des interactions spermatozoTdes-oeuf chez les Aculifera; 
implications pour la pbylogenie des Mollusques 
Tous Ics Aculifera auires que les Neomenioidae ont une fecondation exterae avec cctaquaspcrmatozoidcs donl ia sinieturc 
varie beaucoup entre les Polyplaeophora et les Aplacophora, rcfleiant des modes differents de fecondation Ces differences 
strucmrelles nous fournissent un ensemble supplSmeniaire de caracibres relativement coi^crves avec lesquels on peu 
examiner la phylogfinie des Aculifera en relation avec les autres Mollusques et I’ensemble des Rilatena. Les chitons 
primitifs, pem-etre similaires ft Leptochiton asef/u-r, avaient probablemenl un ectaquaspermatozmde avec un grand 
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acmsome qui p<!netrait un oeuf k coque lisse et ^paisse grace a la liberaiion d'enzymes digestives ei ['extrusion d’mi 
perforaLonUTTi (situation typique des autres Moliusques). Dans 3a majoritc dcs chitons, tels qne Ctyptocfuton steileri, 
I’acTosomc a etc reduit 5 une petite vesicule qui digerc un pore dans les enveJoppes de roeuf, k Lravers lequeJ unc portion en 
aiguille du noyau (qui remplace le perforatorium) p^n^tre pour fusionner avec unc micrcvillosite de I'oeuf, La coque de 
Toeui de ces chitons est compiiquee par des epines ou dcs cupules, qui peuvent etre ou%ertes ou fermecs. Dans les especes k 
cupules Fermees les spermatozoVdes penfelrcnt entre les cupules, alors que dans tes cspcces ^ cupuies ouvertes les 
spermaiozofdes sont. attires k rinterieur des cupules pour la fccondation. Les ectaquaspcrmatozoldes des 
ChaetodermoTTiorpha sont tr^s different^, avec de nombreux caract^res derives indiquant une longue divergence du groupe, 
Les spermatozoi'des exposes aux secretions des oeufs montrenL une elongation du tube apieaL qui suggere une 
polymerisation d un nouveau type puisque le granule subacrosomien esi ahsent. Les introspermatozofdcs des 
Neomcniomorpha sont similaires h ceux des Mollusques Prosobranches h fecondation interne ci k certaines Annelides 
Polychetes, mais ont une morphologic tres proche du paraspcrmaiozoide de Frotoiirilits sp,. une Annelide primitive. Ceci 
fournit des arguments additionnels a la theone selon laquelle les Mollusques cl les Annelides sont des groupcs-fr^res et 
suggere aussi que la fecondation interne, et non externe, pourrait etre plesiomorphe dans ces deux groupes, Ceci 
demanderait une Evolution sccondaire de rectaquaspcrmatozoide, une idee qui a d€ja ete suggdr^e chez les Poissons 
Teleosti^ens pour cxpliquer la presence d’introspermatozofdes dans les groupes hasaux. De plus, tous les Plathelminthes 
ont des introspermatozoVdes mais seal Memertoderma sp., considcre comrne un membre basal du groupe, a un acrosome 
plausible, un noyau et une pi^ce intermMiaire liliforme, et un Hagelle typique 9+2. Les Plathelminthes sont g^nCralcment 
considered eoinme eiant a la base des Bilateria ce qui suggere* en contradiction avec la croyance largement repandue que les 
premiers Bilateria avaient une ftomdation exEerne, que I'ancetre commun des Plathelminthes et des Eubilaterta avait une 
fecondation interne avec introspermatozoide. Ceci indique que les Bilateria sont un groupe monophyl^!tique, leurs membres 
basaux etant unis par des synapomorphies d'un introspermatozoide similaire et de la fecondation interne, caraci^rcs qui 
sont absents chez tous les Radiaia, 


Aculifera consist of two classes. Polyplacophora (chitons) and Aplacophora (chaetodemis 
and neomenioids) [67, 69]. Among Metazoa, the most primitive groups, Porifera and Radiata, 
fertilize externally with sperm that have the typical shape, round head, four or five spherical 
mitochondria and a centriolar satellite complex that harnesses the flagellunt at the base of the 
sperm. To avoid prior connotations of “primitive” and “modified” being associated with sperm 
shape, Jamieson and Rouse [47] devised a new system of nomenclature based on the mode of 
fertilization, in keeping with Franzen's original hypothesis that sperm structure correlates with 
biology of fertilization [33, 34J. Two key terms emerged, “ectaquasperni” are characteristic of 
external fertilizers, whereas “inirosperm” chajacterize internal fertilizers. This system provides for 
[ntermediate conditions .such as “eniaquasperm” [60, 61] and “ect-terrasperm” [80], as well as 
“plesiosperm” for the archetype [45], 

Chitons and chaetoderms have external fertilization with ectaquasperm, although sperm 
structure and mode of fertilization vai^ greatly between the groups indicating a long divergence. 
Neomenioids fertilize internally with introsperm [32], which have a similar morphology to sperm 
of some primitive annelids [53], gastropods, such as Neritimorpha [15] and Caenogastropoda 
[13, 40], as well as other invertebrates [2, 3, 35]. The eggs of Aplacophora are relatively 
umspecialized in relation to surface features but in chitons the hull is usually elaborated into a 
series of complex spines or cupules, which may be closed or open to the external environment 
[21, 22. 29]. In hermaphroditic and brooding species the cupules tend to be reduced, sometimes 
to flattened plates [20. 29]. Self-fertilization is predominant in hermaphroditic species but sperm 
morphology is unchanged presumably because sperm encounter eggs in a sea water medium in 
the pal Hal grooves [20]. 

. )^P^3cophorans aie easily separated from the chitons on the basis of synaponiorphies for 
distichous radula, reduced loot, gonads that open into the pericardium, and small posterior mantle 
cavity [67, 69J. Furtheimore, neomenioids are quite distinct from chaetoderms on the basis of 
apomorphic characters for sperm stmeture, other aspects of reproductive biology, as well as 
general morphology [66, 67, 69]. The main problem arises in trying to distinguish between the 
ddlerent families of chitons. 


Source 
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Chiton phylogeny has been difficult to resolve because potentially useful characters such as 
radula morphology, which have an extensive fossil record, are virtually unchanged in the chitons 
[28, 31, 78]. Other characters such as girdle morphology and hull spine tip structure, are highly 
variable and may have arisen independently in several lineages, or may be polymorphic in a single 
taxon [28,71], Furthermore, previous classifications have been constructed as a series of 
progressive grades or ascending levels of organization rather than in a way to test phylogenetic 
affinities [28, 79], 

Several authors advocate the use of a classification system for generic and higher taxa based 
on shell valve morphology alone, because these characters can be corroborated with the fossil 
record [for review, see 78]. However, as EerniSSE [28] pointed out, any phylogenetic analysis 
would be strengthened by inclusion of independent morphological chai'acters to avoid coincidental 
resemblance of form (i.e. of shell valves). Eernis.SE first revealed the potential advantages of 
using gill placement and morphology, as well as egg hull morphology, as independent character 
sets to test the validity of previous phylogenies based on shell valve morphology alone [28]. 
SIRENKO followed up on this and studied gill placement and egg hull morphology in 117 species 
of chitons many of them for the first time [71]. This analysis produced not only a re-arrangement 
of existing families but the addition of several new ones, including two new super-families, 
Tonicelloidea and Schizochitonoidea. Lepidochitoninae were included as a subfamily within 
Tonicellidae, in the superfamily Tonicelloidea. Furthermore, all chitons were grouped in three 
suborders, Lepidopleurina, Chitonina and Acanthochitonina. 

This chapter examines sperm structure and sperm-egg interactions in Aculifera. It has been 
restricted largely to those species for which complete sperm and egg hull data are available. Thus, 
families for which sperm and egg data were not verifiable by the author have been omitted from 
the cladistic analysi.s. These include Ochmazochitonidae, Loricidae, Schizochitonidae, 
Juvenochitonidae, Schizoplacidae, and Cryptoplacidae (see [71]). In a few instances key species 
have been included from other studies to ensure a more complete analysis of a family. This 
analysis of new sperm and egg characters, when combined with existing morphological 
characters, has enabled a reassessment of phylogenetic relationships among Aculifera and 
between them and other taxa. 


RESULTS 

Sperm structure in Polyplacophora 

Chiton sperm can be classified into one of four main types, depending on the presence of a 
typical acrosome, type of chromatin condensation, number and position of mitochondria, and 
presence of an axonemal fibrous complex. The appropriate families for each spenn type are listed 
on the first line, and follow the recent reclassification of chitons by SiRENKO [71], with the 
exception of Lepidochitonidae [see phylogeny]. 

Sperm type 1: (Acanthochitonidae, Mopaliidae, Tonicellidae, Lepidochitona). This sperni 
type is probably the most derived as well as the best characterized [16, 17, 19-22,42, 64, 65]. A 
detailed description will be given based on this infomiation and following the four arbitraiy stages 
of spermiogenesis described elsewhere [19] and illustrated here in Figure 37. The other spemi 
types will then be compared to it. 

At the onset of spermiogenesis tetrads of Stage A spermatids are interconnected by 
cytoplasmic bridges (Fig. 4). Chromatin in the spherical nucleus is patchy and granular in 
appearance. Two centrioles are positioned adjacent to the plasma membrane with the distal one 
being attached to it via the centriolar satellite complex and annulus (Fig. 1). The proximal centriole 
is perpendicular to the distal centriole and anterior to it. There are six or more 
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Table I. — List of species used in tfie present study, classified according to Sikenko [71), 


Species studied Family Reference 


Lepfochiton aseilus (Linnaeus, 1767) 
Callochiton iCastaneus (Wood, 1875) 
Cliaetopktva apiculaiii ( Say, 1834) 
Acanthopleura granuhfa (Gmelin, I79J) 
Callistoplax crassicostatiM Pilsbry, 1893 
Sfenopiax conspicua (Pilsbry, 1892) 
Lepidozonct retiporosa (Carpenter, 1864) 
Chiwn Uibercidaius (Linnaeus, 1758} 
OnilhQchiton quercinus (Gould, 1846) 
Ischnochiton aibus (Linnaeus, 1767) 
Lepidochitona dendmx (Gould. 1846) 
Lepidockiiona fernafdi Eernisse, 1986 
Toniceiia lineaia ( Wood, 1815) 

Tomceila marmorea (Fabridus, 1780) 
Niittaiina flexa (Carpenter, 1864) 

Mopalia muscom (Gould, 1846) 

Mopalia fignosa (Gould. 1846) 

Mopalia ciliaia (Sowcrby) 

Kaiharina timicata (Wood, 1815) 
Acanthochilona viridk (Pease, 1872) 
Acanthochitona pygnmea (Pilsbry, 1893) 
Crypiochiion sielieri (Middendorff 1857) 
Ckaetoderma argenteum Heath, 1911 
Chaetoderma canadense Mierstrasz, 1902 
Epimenia aimralis (Thiele, 1897) 


Lcpidopleuridae 

[24. 42] 

Callochitonidae 

[24. 42] 

Chaetopleuridae 

[19] 

Chitonidae 

[4, 24, 71] 

Callistoplacidae 

[24, 28, 71] 

Ischnochitonidae 

[24, 71] 

Ischnochitonidae 

[24] 

Chitonidae 

[24. 71] 

Chitonidae 

[24. 42, 71] 

Ischnochilonidae 

[24. 42, 71] 

Tonicellidae 

[19, 28, 29] 

TonicelHdae 

[19. 20. 28, 29] 

Tonicellidae 

[19. 28] 

Tonicellidae 

[19, 71] 

Mopaliidae 

[24, 28. 71] 

Mopaliidae 

[19, 21] 

Mopaliidae 

[21, 28] 

Mopaliidae 

[21] 

Mopaliidae 

[19, 28, 71] 

Acanihochitonidae 

119] 

Acanthochitonidae 

[24] 

Acanthochitonidae 

[19. 28, 711 

Chaelodermomoq^ha 

[18] 

Chaetodermomorpha 

[24] 

Neomeniomorpha 

[22. 23] 


Figs N9. — Transmission electron micrographs of spermiogenesis in Polyplacophora. 1: Stage A type ] spermatid of 
Tonicelia mannorm showing Golgi body (G) and associated lysosome (L), multi vesicular body (MB) and vesicles 
(arrowhead), Distal ceniriole (DC) is attached to plasma membrane (PM) by the annulus. Seale bar= 0.2 }im. 
li Longitudinal section (L,S,) of stage B type 2 spermatid of Lepidozona retiporosa showing condensation of 
chromatin in 20 nm fine fibres. The proximal centriole (PC) is attached by fibrogranular secretions to the 
thickened region of nuclear envelope (arrowhead). Scale bar= i pm. 3: L,S. stage C type 2 spermatid of I. 
retiporosa, showing formation of 70 nm coarse fibres. Scale bar = 0.5 pm. 4: L.S. stage C type 1 spermatid of 
Cryptochiton steileri showing tight spiralling of fine chromatin fibres. Coarse fibre stage is absent. Note: 
cytoplasmic bridge joining spermatids (arrowhead); lacuna (L) in nucleus and cross section of flagellum at level of 
annulus (small arrow). Scale bar” 0.2 pm. 5: L.S. stage C spermatid of Tonicelia iineaia with fine chromatin 
fibres twisted anieriolaterally forming extension of nucleus in anterior filament (arrowhead). Two microtubules of 
manchette surrounding nucleus are visible in superficial section (arrows). Scale bar 0.5 pm. 6: Stage D 
spermatid of C. steUeri show'ing aggregation of nucleopore^ (P) where nucleus extends into anterior filament. Scale 
bar= 0.3 pm. 7: lip of anterior filament of stage D type 1 spermatid of Mopalia muscosa showing acrosome (A) 
.separated from nuclear extension (N) by basal 1= subacrosomaJ) plate {arrowhead). Scale bar = 0.3 pm 8: L.S. 
sUge D type 1 spermatid of M. rniaeziM in longitudinal section showing basic form of sperm and position of 
fibrous complex (F'C). Scale bar ” 0.2 jam. Inset: Close-up of fibrous complex (arrow head). Scale 
bar = 0.2 pm. 9: L.S. stage D type 2 spermatid of Chaeiopieura apicuiata in longitudinal section showing basic 
form of sperm with large round posterior mitochorLdriap surrounded by glycogen granules (Gl) on opposite side to 
basal body (arrowhead). Scale bar= 0.5 pm. Inset: Tip of anterior filament of L. retiporosa showing acrosome (A) 
atop nuclear extension (N). Scale bar = OJ pm. 


Source : MNHH, PariE 
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mitochondria at this stage but as spermiogenesis proceeds they migrate posteriorly and fuse to 
form between 4 and 7 in the mature sperm. A prominent Golgi body secretes several small 
proacrosomal vesicles and is usually associated with a lysosome and multivesicular body (Fig. 1). 
Stage B in all chitons is characterized by the development of the centriolar fossa at the base of the 
nucleus accompanied by a thickening of the outer nuclear membrane (Fig. 2). The centrioles 
migrate into this region and the proximal centriole becomes attached by fine fibrous strands to the 
thickened nuclear membrane (similar to Fig, 2). The flagellum elongates posteriorly. Chromatin 
condensation progresses forming fine fibres about 20 nm in diameter, which later in this stage 
become twisted anteriolaterally towards the pointed end of the nucleus (Fig. 5). A microtubulai’ 
manchette emanates from the centrioles, twists around the nucleus and extends into the pointed tip 
of the spermatid (Fig. 5). In the Stage C spermatid two granules begin to develop in the acrosome 
by the fusion of proacrosomal vesicles. The nuclear filament becomes more elongate (Fig. 5) and 
the nucleopores aggregate at its base (Fig. 6). The rest of the nucleus appears to be devoid of 
nucleopores at this stage. Glycogen granules are formed in the midpiece, near the Golgi body and 
mitochondria. The basal body is slightly offset and mitochondria begin to group above it on the 
same side, and below it on the opposite side. In Stage D the spermatids mature and the 
microtubular manchette disappears. The acrosome, containing two granules, is separated from the 
nuclear filament by a basal (= subacrosomal) plate (Fig. 7). The nucleus and nuclear filament 
become homogeneously dense with occasional lacunae in the main body (Fig 8). The nucleus is 
bullet-shaped and subtends an offset basal body comprising proximal and distal centrioles 
interconnected by fibrogranular secretions. Mitochondria are found laterally above the centrioles 
and basally opposite them. The centriolar satellite complex and annulus are housed in the collar, 
which is an evagination of plasma membrane that extends posterior to the distal centriole and 
around the axoneme. A fibrous complex forms adjacent to the axoneme near the annulus, on the 
same side as the basal body (Fig. 8, inset). The elongate flagellum terminates in a narrow 
endpiece, which contains only the central microtubules and is similar in length to the nuclear 
filament. The Golgi body, rough endoplasmic reticulum, lysosome, multivesicular body, as well 
as excess cytoplasm are eliminated via the cytoplasmic bridge into a central cytoplasmic droplet, 
which is sloughed off thus freeing the four mature spermatozoa of the cohort. 

Sperm type 2: (Chaetopleuridae, Chitonidae, Callistoplacidae, Ischnochitonidae). Type 2 
chiton sperm has been described previously for 12 species [4, 19, 42, 63-65], and is represented 
here by Lepidozona retiporosa. Type 2 sperm develop similarly to Type 1 with the following 
exceptions: firstly, following the fine fibre phase (fibres are 20 nm in diameter) of chromatin 
condensation (Fig, 2), there is a coarse fibre phase (fibres are 70 nm in diameter) (Fig. 3), before 
the nucleus becomes homogeneously dense (Fig, 9). Secondly, the midpiece has a distinctive 


FlCS 10-20. Sperm-egg iniersciions in Polyplacophora. 10: Mature open cupulc egg of Mopaiia ciliaia. Seale bar = 
50 pm. 11: Open cupules of polyspermic egg of M. muscosa. Scale bar= 20pm. 12: Polyspermic egg of 
M. muscosu with cupules removed revealing preponderance of sperm inside cupuJe profiles. A few sperm penetrate 
area between cupules, Scale bar= 10 pm. 13: Mature closed cupule egg of Le.pidochiwna dentiens. Scale bar = 
50 pm. 14; Mature spinous egg of Sienoplax conspicua. Scale bar = 50 pm, 15: Polyspermic eggs of S. 
conspicua with sperm between spines. Bifurcations of spines now are closed, but were spread apart when spawned. 
Scale bar 10 pm. 16: Polyspermic egg of M. muscasa: sperm penetrating hull in.side cupule. Scale bar= 2 pm. 
17; Light micrograph of 1 pm section of sperm of T, Uneata penetrating hull and vitelline layer to inject nuclear 
material into egg (arrowhead). Scale bar = 2 pm. (From 116J), 18: Portion of maturing egg of Acanilwpleura 
granulata, showing polymorphic spines. Short bifurcating spines occurring between medium to long single tipped 
spines with cap.s. Scale bar= 10 pm. 19: Polyspermic egg of S. conspicua in plan view showing sperm 
penetrating hull at junctions of cupule bases (arrowheads). Scale bar = 5 pm. 20: T.E.M. of fertilizing sperm 
penetrating hull of S. conspicua. Characteristic dense outer layer of hull, has been dissolved around peneiraiine 
sperm. Scale bar= 2 pm. 


Source MMHN. Pans 
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appearance because of the lack of lateral mitochondria and the position of basal mitochondria (Fig. 
9). Frequently two mitochondria are adjacent to the nucleus with a third one below them. This 
extends the niidpiece and collar posteriorly. Thirdly, the basal body is more offset than in Type 1. 
This and the position of mitochondria gives the Type 2 sperm its characteristic shape (Fig. 9). 
Fourthly, the fibrous complex is absent or poorly developed, but at least in some species the 
plasma membrane is thickened at the same site as the fibrous complex of Type 1 sperm. The 
acrosome is more uniform in appearance, lacking distinct apical and basal granules (Fig. 9, inset). 

Sperm type 3: (Callochitonidae). The third type of sperm has been described only in 
Callochitonidae [42, 64], represented here by CaUochiion castaneus. Sperm of Hanleyidae, a 
fairly prinritive family, have not yet been examined, 

Type 3 sperm is characterized by the plesiomoiphic condition of a central basal body and 
flagellum, surrounded by five mitochondria at the base of the nucleus. The mitochondria are 
slightly derived because two of them are elongate whereas three are spherical [42].There is no 
fibrous body or unilateral reinforcement of the plasma membrane near the annulus. In other 
respects the sperm is similar to Type 2 with a similar pattern of chromatin condensation. 

Sperm type 4\ (Lepidopleuridae). This spenn type, considered plesiornorphic to chitons, is 
known only from the species, Leptochiton aselhis [42J. The sperm is unique among chitons in 
having a fairly typical molluscan acrosome. A detailed diagram summarizing spermiogenesis in 
L aseUus is given in Figure 36 (based on [42] and unpublished observations). 

In Stage A spermatids a large proacrosoraal vesicle (I pm in diameter) is evident posterior 
to the nucleus and connected to the plasma membrane by flocculenl material, as occurs in 
aplacophorans and other molluscs. During Stages B and C the nucleus becomes oval and 
chromatin condensation proceeds from granular to short fine fibres 20 nm in diameter, then to 
short coarse fibres. 70 nm in diameter. The fibres appear much .shorter than in other chiton 
groups, reflecting variation in the pattern of condensation. The mitochondria fuse to form five 
spheres surrounding a central basal body and unspeciaJized flagellum. In Stage C the 
proacrosomal vesicle, independent of the Golgi body, di fferentiates into the elongate acrosome 
cone and subacrosomal granule, which becomes separated from the nucleus by the subacrosomal 
plate. 1 he subacrosomal granule apparently lacks filaments, as in some gastropods. In Stage D, 
the nucleus becomes homogeneously dense and bullet-shaped with no anterior filament. The 
flagellum terminates in a short lilamentous endpiece containing only the central microtubules. 

Sperm-egif interaction in Polyplacophara 

Chiton eggs are suiTounded by a vitelline layer as well as a hull, both of which appear to be 
secreted by the egg [58, 59]. With few exceptions the hulls of chiton eggs are characterized by 
elaborate projections which vary from spinous to cupular [16, 17, 20-22, 28, 29, 31, 43, 56, 58, 
70, 71 ]. By contrast the hull of Leptochiton aselhis (Lepidopleuridae) is smooth [42]. In brooding 
forms, which include several hermaphroditic species, the cupules are often reduced but retain the 
basic morphology of the group [20, 28, 29]. There aie three main types of sperm-egg interaction 
which correlate with egg hull structure as follows: Type 1. Cupular projections; Type 2. Spinous 
projections; Type 3. Smooth hull. Variation in the size, shape and structure of hull projections has 
profound influences on; the site and mechanism of fertilization [16. 17, 20-22], the drag on the 
egg and therefore its sinking rate [21], the aggregation of eggs in strings and clusters and 
attachment to substrates [28, 29, review: 56] and therefore the tai'get size for sperm, as well as 
the limitation of numbers of eggs that can be brooded [20, 28, 29]. 

I' Cupular projections. (Lepidochitonidae, Tonicellidae, Mopaliidae, 
Acanthochitonidae). In cupular species the projections may be open or closed, which directly 
influences where the .sperm penetrate the egg. In species with open cupules, such as in Mopalia 
(Fig. 10), sperm prelerentially swim inside the cupules, become segregated into one of 
seven channels and penetrate the hull where it overlies the egg membrane (Figs 12, 16). At this 
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point the hull is thinnest. The hull can be penetrated between cupulcs but this is rare and has only 
been observed in polyspermic eggs, created artificially by using a sperm concentrate (Fig. 12). 
No micropores have been observed in the hull of these species. The acrosome appears to contain 
two granules, which in Toiiicella lineatci are exhausted sequentially as the sperm penetrates the 
two egg envelopes, fuses with an egg microvillus and injects the nuclear material into the egg [16, 
17] (Fig. 17). 

During ontogeny cupules are covered by follicle cells [58, 70], which are thought to be 
involved in their morphogenesis but not their .secretion [58, 59] distinguishing this envelope from 
the chorion of other animal groups. An immature open cupule egg can easily be mistaken for a 
closed cupule one. A good e.xample is Toukellu Uneata, which only becomes obviously open 
cupule in form when it sheds follicle cells close to spawning [16, 17], Thus it is very important to 
make definitive observations only on naturally spawned eggs. Chitons collected during the 
breeding season [review: 56] may be kept in culture dishes in running sea water, until spawning 
occurs. Usually this happens one or two days after collection. Males usually spawn first and 
appear to stimulate females [56]. In species with closed hull cupules, such as Lepidochitonu 
dentiens (Fig. 13), sperm must penetrate the egg envelopes between projections. In L deufiens, 
micropores are present between cupules in the mature egg that provide spenn with direct access to 
the vitelline layer [20, 21], Preliminary evidence suggests that sperm acrosomes may be further 
simplified in this and similar species by having a single granule [21], In the brooder L. feruatdi, 
the structure of the egg is the same as L dentieiis except that cupules are reduced to flattened 
plates [20], 

Egg type 2: Spinous Projections. (Hanleyidae, Callochitonidae, Schizochitonidae and 
Loricidae [71]; Chaetopleuridae, Chitonidae, Ischnochitonidae, Callisloplacidae), In chitons with 
spinous projections, such as Stenoplax conspicua (Fig. 14), the sperm penetrates the hull between 
spines, frequently at the junction of their bases (Figs 15. 19). Spines assume a wide variety of 
forms from complex, as in Chaetopleuni apkidata, to simple as in Hanleyelki asiaticci [71]. Simple 
spines have a wide variety of tip formations, including one to seven-fold symmetry. Spinous tips 
may be pointed and bifurcate, as in S. conspicua (Fig. 15) or petalloid, as in Chiton tuherculatus. 
However, there appears to be considerable polymorphism within genera [71], making it difficult 
to use tip form as a character in phylogenetic analysis. The egg hull of S. conspicua (and 
possibly other spinous hulled species), has an outer dense layer in addition to the typical hull. 
This thin dense layer is digested by the entrance of the sperm, presumably because certain 
acrosomal enzymes are released (Fig. 20). The area of the hull disrupted by sperm entrance is 
much greater than the width of the anterior filament and cannot be accounted for just by gaps 
between spine bases, visible in some micrographs (Fig. 19). 

Egg iy>pe 3: Smooth Hull. (Lepidopleuridae). In Leptochiton asellus, the only chiton species 
known with a smooth-hulled egg, fertilization is presumed to occur anywhere on the egg surface. 
However, sperm-egg interaction has not been observed in any lepidopleurids. The presence of a 
typical molluscan acrosome is coincident with an egg hull that is ten limes thicker than in other 
chitons and probably reflects penetration by a perforatorium as is typical of other molluscs and 
invertebrates [42J. For these and other morphological reasons (see phylogeny section), 
Lepidopleuridae are considered basal to Polyplacophora. 

Sperm structure and spenn-egg interaction in Aplacophora 

Class Aplacophora may be divided into two subclasses, the Neomeniomorpha and the 
Chaetodermomorpha [67. 69]. Neomenioids are considered basal to Aculifera and to MoMusca as 
a whole, based on recent morphological [67] as well as molecular analyses [62], whereas 
chaeioderms are considered to be derived, having diverged early from the molluscan lineage [69]. 

Neomenioids and chaetoderms have radically different modes of reproduction. 
Neomenioids are monoecious and fertilize internally, with introsperm being stored in seminal 
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receptacles [68, 69J. Chaetoderms are dioecious and fertilize externally, by releasing 
ectaquasperm into the ambient sea water [18, 69], These sperm types are quite different from 
those of chitons. 

Sperm of Neomenioniorpha: Epimenia australis. Spermiogenesis in E. austral is is 
.summarized diagrammatically in Fig. 38. Spermiogenesis of the introsperm of Epimenia is very 
similar to that of the parasperm of the primitive annelid, Protodrilus^ as well as introsperm of 
some prosobranchs [13, 15. 40]. Stage A is similar to what has been described for chitons. In 
stage B the sperm still has the plesiospeim form (Fig. 21). During this stage the centrioles migrate 
to the centriolar fossa dragging the plasma membrane with them and causing it to invaginate 
where it is attached to the annulus. This creates a temporary flagellar canal. The mitochondria 
move posteriorly and begin to fuse at the base of the nucleus, initially into four or more spheres. 
At this time a Golgi body is posterior to the nucleus and mitochondria (Fig. 21). In stage C, 
chromatin condensation progresses from granular to fine fibres 20 nm in diameter, which become 
twisted as the nucleus elongates (Fig. 22). During this stage the Golgi body secretes numerous 
vesicles which contribute to a large mass of dense granular material at the base of the nucleus 
around the axoneme. The annulus breaks away from the distal centriole and begins migrating 
posteriorly towards the junction between midpiece and glycogen-piece. The dense granular mass 
becomes reorganized around the proximal and distal centrioles where it contributes to the 
formation of the basal body as well as to the adjacent peribasal body. Similar granular secretions 
are organized into a spiral ridge around the axoneme down to the annulus (Fig. 38C), 

The Golgi body plays an active role in forming the spiral ridge much like that observed 
previously in Merita picea [15]. Subsequently, the Golgi body migrates again to the apex of the 
sperm adjacent to the acrosome cone, which to this point has been developing in the ab.sence of 
the Golgi body (Fig. 38C). An extracellular striated cone, coated with fine fibrous strands, begins 


Figs 21-28. — Spermiogenesis in Neomenioniorpha: Epimenia uustralis. 21: L.S. stage B .spermatid showing basic 
piesiosperra form. ApicaJ acrosome (A), Golgi body (G) and spherical mitochondria (M) at base of nucleus 
containing granular chromatin (N). Scale bar=: 1 pm. 22; L.S. stage C spermatid Showing twisling and spiralling 
of chromatin fibres in nucleus (N). Acrosome lA) is at lip of spiralled nucleus (out of section). Golgi body (G) is 
once again associated with the acrosome for else there 2). Large fused mitochondria (M) are beginning to elongate 
around axoneme, which has been reinforced by spiral ridge (arrowhead). Scale bar = I pm. 23: Stage D spermatid. 
L.S. of acrosome (A), subtending sub-acrosomal granule (SG) and .separated from den.se nucleus by sub-acrosomal 
plate (arrowhead). Note; striated extracellular cone (EC) on thickened membrane at tip of acrosome. Scale bar = 
0.2 um. 24: L,S. stage D spermatid showing basal body (BB) in posterior indentation of nucleus, which is 
blocked by peri-basal body (PB). Note also; mitochondria (M) and sections of .spiral ridge (R). Scale bar = 
0,2 Jim. 25: Stage D spermatid. L.S. of junctions between mid-piece and glycogen piece showing annulus 
adjuncts (AnA), mitochondrion (Ml, spiral ridge (R) and annulus (arrowhead). Scale bar = 0.2 pm. 26: Stage D 
spermatid. L.S. glycogen piece showing glycogen granules (arrowheads). Scale bar = 0.3 jim. 27: Cross Section 
(CI.S.) stage D spermatids at level ol acrosome (A), nucleus (N) and mitochondrion (M). Note single break in 
mitochondrion (arrow-head}, which forms longitudinal slit. Scale bar = 0.2 pm, 28: L.S. end-pieciT of stage D 
Spermatids, .showing density (arrowhead) at termination of central microtubules. Scale bar= 0,2 pm. 

Ftes 29-35. Sperm and eggs ol Chaetodermomorpha. 29: Stage C spermatid of Chaeiodermct canacleii.ie with granular 
chromatin in nucleus (N), Goigi body (G) is in process of forming apical horn and apical tube in anterior of 
spermatid. Scale bar= 0,5 pm. 30: Stage C spermatid of C. ctinarfe/iae showing acrosome (A) at tip of apical tube 
(AT), that caps apical horn (AH). Apical tube is projected over large Golgi-derived vesicle (V). One of five 
mitochondria (M) lies at base of nucleus. Scale bar = 0.5 pm. 31: C.S. mid-piece of C. argertteum showing five 
mitochondria encircling centrioles. Scale bar= 0.5 pm. 32: Light micrograph of mature egg of C, arge/ittiim 
with apparent hull (arrow). Scale bar= 30 pm. 33: Enlarged area of C. argenieiiin egg show-ing periodic bumps 
with short spinou.s or tubular projections (arrows). Scale bar = 20 pm. 34: L S. of acrosome (A) and apical lube 
(AT) of C, canadense. Note attachment of acrosome to plasma membrane (arrowhead). Scale bar = 0.2 pm. 
35: S.E.M. of C. argenieim sperm exposed to egg water for ten minutes. Apical lube (AT) of upper sperm is 
longer than lower sperm. Elongation can be at lea,si i.5x original length. Note also apical horn (AH), acrosome 
(A) and mitochondria (M). Scale bar= 2 jim. 
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to form nea:- the tip of the acrosoiiie, between the speim and the somatic (Sertoli) cell. Its function 
is unknown. 

The basal body becomes housed in a posterior indentation of the nucleus, which is closed 
off by the periba.sal body (Fig. 24). The annulus breaks away from its connections to the distal 
centriole and leads the posterior migration of the mitochondria. The acrosome cone is fully 
developed and subtends a subacrosomal granule, separated from the dense nucleus by a 
subacrosomal plate. The two mitochondria begin to elongate and later fuse to form a single 
Nebcnkern enclosing the axoneme but for one longitudinal slit down its length (Fig. 27). In stage 
D the mitochondrion extends from the base of the nucleus to the tip of the annulus adjuncts, 
which aj'e two hollow, semicylindrical slmctures that form above the annulus on either side of the 
axoneme (Fig. 25). The annulus occupies an invagination of the plasma membrane at the junction 
between midpiece and glycogen piece (a site typical of many metazoan introspcrm) (Fig. 25). The 
glycogen piece is filled with granules of glycogen (Fig. 26), which lend to be grouped over the 
nine axonemal doublet microtubules. This aggregation is similar but less ordered than in 
gastropods. The axoneme tapers towards the endpiece, where it is reduced to just the central 
microtubules tiiat terminate in a characteristic density (Fig. 28). 

Sperm-egg imeraclion in Neonieniomorplm: Sperm-egg interaction in Epbuema has not been 
observed. The outer egg envelope appears to be unspecialized, which suggests that fertilization 
may occur anywhere on its surface. Fertilized eggs are brooded prior to release as juveniles [68]. 

Sperm of Chaetodermomorpha: Chaetoderma canadense, and C. argenteum. See 
diagrammatic summaiy of sperrniogenesis in Fig, 39, The ectaquasperm of C. argenteum [18J 
and C. canadense [22] are highly unusual. Sperrniogenesis begins in a similar way to 
Leptochiton but alter forming the proacrosomal vesicle the Golgi body migrates to the apex of the 
nucleus (Fig. 29} where it becomes involved in producing three key structures; the apical horn, 
the apical (dense) lube and a large vesicle below the tip of the nucleus (Fig, 30). The apical tube 
grows out over the large vesicle to contact the proacrosome on the plasma membrane (Fig. 30). 
Glycogen granules are deposited around the apical horn as well as the mitochondria. At this time 
there are two flagella, proximal and distal, produced by the respective centrioles. The distal 
flagellum encircles the nucleus and exits posteriorly. The proximal flagellum grows anteriorly 
thiough the cytoplasm and exits at the lip of the nucleus, alongside the developing apical tube, 
perhaps acting as a guide [18], Mitochondria fu,se to form five spheres suirounding the centrioles 
at the base of the nucleus. At the completion of spermiogenesis the proximal nagellum separates at 
the centriole and Is eliminated anteriorly with the residual cytoplasm (including Golgi body, large 
vesicle, lysosome, multivesicular body, endoplasmic reticulum, etc.) [18]. Conversely, in most 
Metazoa the re.sidual cytoplasm is eliminated from the midpiece region. The distal flagellum 
unwinds and exits posteriorly in the usual position for molluscs. The cliromatin condenses from 
granular, through patchy, to homogeneously dense with a few lacunae in the mature spermatid 
[18], The distal centriole is harnessed to the pla.sma membrane by the annulus via the centriolar 
satellite complex, which typifies ectaquasperm [74] and is plesiomorphic for introsperm [2, 73, 
77], The axoneme has a typical 9+2 configuration and terminates in just the two centrai 
microtubules as in other Aculifera. 

The mature sperm is easily mistaken for a chiton sperm because the apical tube resembles 
the anterior filament (Fig. 35) [32], However, the apical extension is directed anteriol ate rally and 
IS of completely different construction [18]. It contains no nuclear material and comprises two 
unique structure.s, the apical horn and apical tube (Figs 30, 35), the functions of which remain 
unknown. There is, however, little doubt that the acrosome lies at the tip of the apical tube, as this 
vesicle torms trom the Golgi body in much the same way as proacrosomes of some other 
molluscs, including Leptochiton. 
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PiGS 36-39. Diagrammatic rcprcscmaiion of four arbitrary stages (A-D) of spermiugenesis in Aculifera following 
Jescripiions given in text. 

Fig. 36. — Spemiiogencsis in Lepiochikm ks'eflus, A: Pro-acrosome (arrowhead) Inrmed from Golgi vesicles^ is niigrating 
to apex of nucleus along plasma membrane. Annulus (An) connects distal centriole to plasma membrane. Nucleus 
contains granular chfomaiin and in the cytoplasm arc several small mitochondria and rough E. R. B: Pro-acrosome 
( A) is atop nucleus, chromatin is forming short fine fibres in nucleus, Mitochondria are at base of nucleus with 
Golgi body. G: Acrosome (A) is elongating in absence of Golgi body. Chromatin fibres are thicker and fused, 
enlarged mitochondria surround ccnirioks, D: Fully developed acrosome subtends a subacrosomal granule and is 
separated from dense nucleus by sub-acrosomal plate. Five uniform spherical mitochondria surround cenlrioles. 
Annulus (An) attaches distal centriole to plasma membrane via satellite complex f24* 421, 
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Ftc. 37, —^:ipcmiiogene,‘iis in Crypiochiton sielhri. A; Sinitlar io L. (ueHits but no pro^ucmsomc forms. Individual pro- 
acrosomal vesicles are visible near Golgi body, lir Cbromalin condensing in fine fibres is l^vist^^g anterio- 
lalcrally in nucleus. Proacrosonial vesicles are visible al apex ol spermatid (arrowhead), Mitochondria have 
accumulaied at base of iiucleufi with Gulgi body. C: Anterior Lilamcnt is elongaUng with acrosome lorming at its 
tip, Nuoleopores [Nu] have aggregaled at base af‘ anterior nuimcni. Tip of taiF contains only central microtubules 
(arrowheads), D: BuHeL shaped sperm has long ncedle-like filament with acrosome (A) at its tip, Acrosome is 
separated from dense nuclear extension by a basal (— subacrosomal) plate (P). Mitochondria are positioned 
laterally and below nncleus* adjacent to centrioles. Annulus (An) attaches distal centriole to plasma membrane. 
Fibrous complex (PCg characterizing Type I spenm is visible below annulus. 


Source MNHN Paris 
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Fig. 38. — Spermiogenesis in Epimmia austmlis. A: Plcsiosperm stage like that in Figs 36 & 37. Pro - aero soma I granule 
(arrowhead) is attached to plasma membrane by fibro-granular material B: Pro-acrosome (A) is visible atop 
nucleus. Chromatin is granular but more tightly packed than in stage A. Mitochondria are Tusing and aggregating at 
base of nucleus. Basal body, comprising fused proximal and distal centrioles, has migrated into ccntriolar lossa- 
Large active Golgi body is positioned next to temporary flagcilar canal (arrowheads). C: Pro-acrosome (arrowhead) 
is aiiached lo plasma membrane atop nucleus with Golgi body nearby. Chromatin has condensed into elongate fine 
fibres which are twisted inside nucleus. Annulus has broken away from distal ccntriole and is migrating posteriorly 
everting Hagellar canal as it does so. Dense granular material surrounds apex of axoneme below basal body and a 
spiral ridge is evident posterior to this. Two large mitochondria are elongating posteriorly. D: Late spermatid with 
introsperm form. Extracellular striated cone (EC) is atop acrosome (A), which subtends acrosomal granule (SG) and 
is separated from dense nucleus by sub-acrosomaJ plate (SP). Basal body (BB) is boused in basal indentation of 
nucleus, blocked posteriorly by peri-basal body (aitow). Mitochondria (M) form an almost complt^^'^ sheath around 
axoEieme, reinforced by spiral ridge (R). Annulus (An) is in characteristic junction of mid-piece and glycogen piece 
and extends anteriorly as annulus adjuncts (AnA). Note also: Glycogen (G) and lemiinai density iD). 
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PiQ^ 39 — Spermio gene sis in ChaeWdenno urgenteiini. {redrawn from [IS]). A: Earliest pan ot stage A, shewing distal 
ceiitriole attached to plasma membrane by annulus (An) via centriolar satellite complex (CS) with nearby Golgi 
body (G) producing pro-acrosomal granule (AG), B; Proximal (PF) and distal flagella (DF) are visible. 
Mitochondria are grouped at base of nucleus; Golgi body (G) and proacrosome (A) have migrated anteriorly, 
Numerous secretory vesicles are fusing to form one Larger vesicle (VJ. C: Proximal flagclluTn (PF) is aligned with 
apical lube (AT), The acrosome (A) at end of apical tube is connected to large vesicle (V) by fibro-granular material 
Golgi body (G) is visible in an apical indentation of nucleus, adjacent to developing apical hom (AH) and apical 
lube, Di.stal flagellum exits anteriorly bur will eventually encircle spermatid, D: Late spermatid showing 
homogeneously condensed nucleus with few lacunae. Spherical mitochondria (M) surround centriolcs. Glycogen 
granules are visible near apical horn but are also sequestered in mid-piece. Cross sections 1-5: (1) acrosome; (2) 
apical lube; (3) apical horn; (4) flagellum; (5) end-piece. 


Sout^e MNHN.. Pans 
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Sperm-egg interaction in Chaetodermomorpha: The egg of Chaetodenna^ regrettably, has 
not been observed with the scanning electron microscope. The only two ripe eggs observed with 
light microscopy, appeared to have a distinct hull with tiny bumps and small spinous projections 
{Figs 32, 33). However, at the moment there is no way to be certain that this resembles the hull of 
chitons, or is formed in a similar way, The mechanics of fertilization may be similar to chitons in 
that the acrosomal vesicle may digest a pore through the egg envelopes, followed by the apical 
tube penetrating down to the egg membrane. In both cases the perforatorium that characterizes 
other molluscs, and Metazoa in general, has been replaced by an anterior projection. In chitons 
this is a finite extension of the nucleus but in Chaetoderma the equivalent projection, the apical 
tube, is extensible. In response to egg water the apical tube elongated up to 1.5 times its original 
length, suggesting a novel polymerization process (Fig. 35). T.E.M. sections have not yet 
revealed what is changing in the anterior structures during elongation, but one suspects the 
polymerization of actin, which is almost universal among the eukaryotes. Elucidation of the 
details of sperm-egg interaction in Chaetoderma will have to await that elusive but opportune 
moment. 


Phylogenetic analysis of AcuUfera 

Phylogenetic analysis (Tables 2-4) in MacCIade, as well as “branch and bound” analysis in 
PAUP of 25 morphological characters (including new sperm/egg characters), produced a single 
minimum length tree (tree length = 67). The tree showed support for classification of three 
suborders of chitons, in two orders: Lepidopieurina in Lepidopleurida; Chitonina and 
Acanthochitonina in Chitonida, The Chitonina formed a clade based on synapomorphies for 
spinous hull projections that are narrow-based, posterior extension of midpiece altering sperm 
shape, as well as production of long coarse fibres in chromatin condensation. Of the families 
included in this study, Chitonina included: Callochitonidae, Chaetopleuridae. Acanthopleuridae. 
Chitonidae, Callistoplacidae, and Ischnochitonidae. Acanthochitonina are separable as a more 
recent clade by synapomorphies for mitochondrial arrangement in sperm, a fibrous complex in the 
sperm flagellum, and overall sperm shape, as well as adanal gills and broadly based hull cupules 
that are not spinous. Acanthochitonina included the families; Lepidochitonidae, Tonicellidae, 
Mopaliidae, and Acanthochitonidae. The Neomeniomorpha were u.sed for outgroup comparison. 
The related Chaetodermomorpha clearly aligned with the neomenioids, in spite of different sperm 
types, based on synapomorphies for spiculate cuticle, distichous radula and other characters 
discussed below. 


DISCUSSION 

Phylogenetic relationships among AcuUfera 

Phylogeny of AcuUfera currently is of great interest to malacologists because, although tills 
group has generally been given a primitive status, recent morphological and molecular analyses 
place neomenioid aplacophorans basal to all extant Mollusca [67, 69], 

Aplacophora (Neomeniomorpha and Chaetodermomorpha) are readily distinguished from 
Polyplacophora by the following synapomorphies: vermiform body with spiculate cuticle, 
distichous radula, reduced foot, gonads that open into the pericardium, and a cloaca-like posterior 
mantle cavity [66, 67, 69]. Also Chaetodermomorpha may be distinguished from 
Neomeniomorpha based on apomorphies for ectaquasperm structure, lack of seminal receptacles, 
presence of gills, as well as other chai'acters [reviews: 66, 67, 69]. 
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Table 2. — Data matrix and reconstructed states for internal nodes (Noie: * = putgroup) 


1111111111222222 
Node 1234567S901234567S9Q12-345 


Lep i dqpl eur i dae 
Chae t odermomorpha 
CallDchitonidae 
Chae topieuridae 
Acanthopleuridae 
Callis toplacidae 
Chitonidae 
Ischnochitonidae 
Lep ido c h i t oni dae 
Tonics Hi dae 
Hopaliidae 
Acanthochitonida 
Neomen iomorpha* 

1 

2 

3 

4 

5 
S 
1 
s 

9 

10 
11 


Q0110il4200l002l2110?ll?? 
1213Q214100470201000000?? 
2312111411021121311111133 
2322111111031121412111122 
2322111111032111412211354 
2322111111?321114121il22.2 
2322111111732111412211254 
2322111111?32111412111143 
3340111211123231512121111 
2340111212024231512121111 
2340111212024231513121111 
2340111211723231511331111 
OOQOQOGaOQQOOOOOOOOOOOOOO 
00100O14100OO020QO00OO00O 
0010011410010021211011111 
2310111411021121311111111 
•2312111411021121311111122 
2322111111031121412111122 
232'2111111032111412111122 
232211111103'2111412111222 
2322111111032111412211254 
234D111211023231511121111 
2340111211023231512121111 
2340111212024231512121111 


Lepidopleuridae 
Callochitonidae 
Chaetopleuridae 
Acanthopleuridae 
Chitonidae 
Callistoplacidae 
Ischnochitonidae 
Lepidochitonidae 
Tonicellidae 
Mopalltdae 
Acanthochitonidae 
Chaetodermomorpha 
Neomeniomorpha 

Fi<}, 40. Single mosi parsimonious tree resulting from branch and bound analysis in Paup of the data matrix in Table 2. 
Branch and bound search settings were, initial upper bound: unknown (compute via stepwise); addition sequence: 
funhest; no mu Id stale taxa; unrooted trees rooted using outgroup method, Character state optimization: accelerated 
transformation (ACCTRAN); tree length - 67; consistency index = 0.970; homoplasy index ^ 0.030; retention 
index - 0.967; HI excluding uninformative characters - 0.033; rescaled consistency index = 0.939. The ingroup 
iruerior nodes (2-11) are labelled, The apamorphy hypotheses supporting each interior node are shown 

m Table 3. 
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Table 3, — Apomorphy hypotheses for internal nodes of cladograni of Aculiferan phylogeny (Fig. 40), Unless otherwise 
staled character changes are frOTH 0-^1. 


Node 1^2: 
Node 2^3: 
Node 3—^4: 
Node 4—^5: 
Node 5-^6: 
Node 6-^7: 
Node 7-^8; 
Node 3—^9: 
Node 9^10: 
Node 10^11: 


6J2J6,17(0^2)J8,19,21,22,23,24,25 

](0-^2),2{0-^3X5a0J2(l->2),13J4J7(2^3),20 

4(0->2),24(l-42h25{l^2) 

3C1 -^2),8(4^ 1), 12(2^3), 17{3-^4) J9{ 1-^2) 

13(1^2)45(2-^1) 

23(1^2) 

20(1-42),24(2-h.5),25(2-^4) 

3 ( 1 ^ 4 }, 8 { 4 ^ 2 ). 13 ( 1 -^ 3 ) 44 ( 1 - 42 ) 45 ( 2 ^ 3 ) 47 ( 3 - 45 ) 41 ( 1 -^ 2 ) 
19(1^2) 

10(1^2)43(3->4) 


Table 4, — Characters used in cladistic analysis of Aculifera with character state codes. See Table 2 for data matrix* 

Sperm and Egg Data 

(1) . Acrosome: 0: cone with subacrosomal plate iSA.P.); U simple vesicle with SA.P.; 2: complex vesicle with SA P; 3: 

simple vesicle with SA*P. 

(2) . SubAcrosomal Granule: 0: loose granular; 1: rod granular; 2: apical horn & tube; 3: absent 

(3) * MrrocHONDRlAL AssoCiATIONs: 0: mitochondria (M) fused unspiralled; 1: M in ring around central proximal and distal 

cenirioies (PC/DC); 2: offset PC/DC with basal M; 3: offset PC/DC associated with basal not lateral M; 4; offset 
PC/DC associated with basal Sl lateral M, 

(4) , Chromatin Condensation: 0: develop fine long fibres; 1: develop fme then coarse short fibres; 2: develop fine then 

coarse long fibres; 3: '‘granular" chromatin. 

(5) . Golgi Body Production of Acrosome: 0: proacrosomal granule migrates on plasma membrane; I : proacrosomal 

vesicles migrate, fuse; 2: proacrosomal granule migrates with Golgi body. 

(6) . Glycogen Reserves: 0: stored in tail; 1: stored in midpiece; 2: stored in anterior & midpiece. 

(7) . Flagellar Canall 0: present but temporary^ annulus breaks from D,C*; I: absent. 

(8) . Flagellum Refneqrced: 0; thickening around axoneme; 1: unilateral thickening of plasma membrane; 2: unilateral 

fibrous body; 3: absent. 

(9) . Flagellum Termination: 0; 2 central microtubules elongate+densiry: 1: 2 centrals, short; 2: 9+2 configuration. 

(10) . FEKTiLtZATlON SITE: 0: anywhere on egg; I; between hull projections; 2: inside hull projections. 

(11) . Hull Pores; D: absent; 1: present 

(12) . Sperm Head Shape: 0: filamentous; 1: oval ; 2: oval w* nuclear filament; 3: oval w, offset nuclear filament; 4: oval 

w, apical tube, 

(13) . Hull Type; 0: smooth; 1: complex spines; 2; simple spines w, modified tips; 3; closed cupules; 4: open cupules. 

(14) . CUPULE BASE Size: 0: abseni; h 5-30 pm; 2: 50-90 pm [71] 

(15) . Mitochondria: 0: 1-2; 1: 24; 2: 4^6; 3: 6-8. 

Shell Valve [28,78] und Gill Placement Data 171] 

(16) . Exiehnal Covering; 0; spiculate cuticle; 1: 8 shell valves; 2: smooth. 

(17) . Gills: 0: absent; 1: 2 ctenidia posterior; 2: Type 1 ^j^ianal; 3: Type 2 i/t/anal; 4: Type 3 adm'Al', 5: Type 4 ^^janal. 

(JS). Articulemektum: 0: absent; 1: present. 

(19) . Chiton Valve Morphology: 0; absent; 1: modern valve (V) shape; 2: mulilfissurated terminal Vs 3: post. V. w, 

post, median sinus; 4: girdle & poshV. fissured. 

(20) . Insertion Plates: 0: absent; 1: sliued: 2: pectinated; 3: reduced slits. 

(21) , Girdle Ornamentation: 0: absent; 1; girdle elements similar; 2: potential bristles; 3: girdle fisbured, 4: sutural 

tufts. 

(22) . Radula Morphology; 0; distichous; 1: docoglossan. 

(23) . Photoreceptors: 0: absent; 1; macro & micro aesthetes; 2: imrapigmenial aesthetes; 3* ocelli. 

(24) . Gills From Nephropore: 0; absent; 1: 1-2 gills; 2: 3-4; 3: 5-6; 4: 7-8; 5: >9 

(25) , Gills From Gonopore: 0; absent; 1: 1-3 gills; 2: 4-6; 3: 7-9; 4: >10. 
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Egg hull projections and associated follicle cells are synapomorphie to chitons, uniting the 
entire group. Furthermore, all chitons more recent than lepidopleurids are united by having an 
elongate sperm nuclear filament with reduced acrosome, cupular hull projections, slitled insertion 
plates and modem gill placement. This evidence supports the theory of THIELE [75] that chitons 
are a monophyletic group derived from a lepidopleurid-Iike ancestor, and argues strongly against 
a polyphyletic origin as proposed by ASHBY [5]. Historically, Polyplacophora have been difficult 
to resolve because potentially useful characters such as radiila morphology, which have an 
extensive fossil record, are virtually unchanged in the chitons [72]. Other characters, such as 
girdle morphology or hull spine tip structure, are highly variable and may have arisen 
independently, or may be polymorphic for a single taxon [28, 71], Eernisse [28] first suggested 
using placement of gills, sperm moi'phology and egg hull data as a way to develop independent 
character sets to test the vaJidity of previous phyiogenies based on shell valve morphology alone 
[reviews: 72, 78]. 

The addition of a new character set based on sperm morphology and mode of fertilization, 
presented here for the first time, has enabled a preliminary reassessment of chiton phylogeny. The 
present analysis combined sperm trnd egg hull data with gill placement and morphology [71 ], as 
well as shell valve morphology [28, 78]. The single minimum length tree showed strong support 
for retaining three suborders of chitons, Lepidopleurina, Chitonina, and Acanthochitonina [71]. 
Acanthochitonina are more derived than Chitonina based on the sperm fibrous complex, adanal 
gills and broadly based hull projections. Lepidochitonids cleaiiy are included in Acanthochitonina 
by possessing each of these synapomorphie char acters. Previous classifications based largely on 
shell valve morphology have given lepidochitonids a rather primitive status placing them between 
lepidopleurids and other chitonids [reviews; 72,78]. The present analysis reinstates 
lepidochitonids in their own family, Lepidochitonidae. as they clearly fall outside the Tonicellidae 
{based on apomorphies for hull pores, simplified acrosome, and cone-like hulls). This disagrees 
with a recent classification that placed lepidochitonids within Tonicellidae, but supports the 
inclusion of both Lepidochitonidae and Mopaliidae within the superfamily Tonicellordea [71]. 

The Chitonina have been more difficult to resolve. However, the present analysis provides 
support for maintaining the suborder Chitonina, as suggested by SiRENKO [71], rather than 
Ischnochitonina [72, 78]. The superfamily grouping Lschnochitonoidea Dali, 1889 [71], in this 
analysis included the families Chaetopleuridae, Acanthopleuridae, Chitonidae, Callistoplacidae, 
and Ischnochitonidae, but excluded the Callochitonidae. Relaxing parsimony by one tree length 
(= 68) creates an even more paraphyletic assemblage and underscores the need for more 
synapomorphie characters, particularly for this suborder. More detailed analyses of oogenesis and 
spermiogenesis (such as acrosome substructure and hull deposition) may provide additional 
characters that will enable better resolution of this complex taxon. 

Phylogenetic t elationship between Aciilifera and other Bilatena: guest for the origin of internal 
fertilization 

Franzen’s hypothesis that the biology of fertilization correlate,s w'ith spenn moiphology 
works well in most situations [33. 34]. Furthermore, the idea that the “primitive sperm” [33] or 
plesiosperm ’ [45], (which is found throughout the Radiata), represents the primitive condition in 
basal Metazoa, is not questioned by most biologists. This is partly because sperm of more recent 
groups usuEdly pass through a stage in spermiogenesis that resembles the plesiosperm type, but 
also because recent molecular and morphological analyses indicate a monophyletic origin of 
Metazoa from a diploblastic ancestor [30, 50], However, the idea that ectaquasperm generally 
represent the primitive condition wherever they occur in more recent groups [8, 9, 33, 34, 44], is 
actively debated [22, 23, 38, 46, 47, 54, 60]. For example, JAMIESON [46, page 2] discussed 
this topic in his recent book on fish evolution: “The term plesiosperm recognizes that, whether or 
not aquasperm have evolved in some sections of the Metazoa from more complex sperm, the 
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"‘primitive” sperm facies may be genuinely plesiomorphic in many metaz.oan groups. This is not to 
exclude from further investigation the possibility (a) that the earliest metazoans may have been 
free-spawning with sperm of an even simpler form than the plesiosperm or (b) that they were 
internally fertilizing with more or less complex sperm”. 

It was once said that “it is unlikely that primitive spermatozoa from different animal phyla 
should have evolved independently on several occasions obtaining the same morphology by 
convergence.”[9]. How much more unlikely is it that primitive members of at least twenty animal 
phyla have evolved a basically similar, infinitely more complex introsperm by convergence? It 
would seem more logical to assume secondary evolution of the simpler aquaspemi from the more 
complex introsperm. Recent molecular [62] and morphological [67, 69] analyses of neomenioids 
place them basal to all extant Mollusca. It was surprising to find how typical is the introsperm of 
neomenioids [22, 23]. It is similar in basic structure and arrangement of organelles to introsperm 
of primitive members of most bilaterian phyla, including some nemertines [2], bryozoans and 
entoprocts [35], arthropods [3], annelids [53] as well as some deuterostomes [review: 46], In 
particular, neomenioid introsperm closely resemble parasperm of prolodrihds [53], a primitive 
annelid group, formerly included in the now abandoned Archiannelida. The above evidence 
provides support for current theories that recognize Eutrochozoa {animals with trochophore 
larvae) as a distinct clade [30, 37, 50], which includes nemertines [76] and perhaps some other 
invertebrate taxa. Besides the striking similarity to proiodrilid parasperm, introsperm of 
neomenioids have much in common with introsperm of Neritimorpha [15] and “primitive” 
Caenogastropoda [13, 40], suggesting that current ideas on gastropod evolution [39] also may 
require revision. Perhaps the Palellogastropoda, presently considered basal to Gastropoda [39], 
diverged early from a neritimorph-like ancestor? 

All Platyhelminthes have introsperm but until the key paper on the primitive turbellarian 
Nemerfoderma [77] demonstrated the typical introsperm pattern with a plausible acrosome, 
rodlike nucleus, elongate midpiece, and single typical flagellum, it had been easy for scientists to 
dismiss the sperm of Platyhelminthes as highly derived, which most of them are [41]. Since then 
it has become obvious that introsperm are basal at least to the Platyhelminthomorpha 
(Platyhelminthes and Gnathostomulida) [6. 73]. Moreover, the above evidence strongly suggests 
that introsperm are basal to all Bilateria [22, 23]. If true, this would unite Eubilateria and 
Platyhelminthomorpha as a raonophyletic clade. 

The basal Platyhelminth groups (Nemertodermatida, Catenulida, Acoela and Macrostomida) 
are minute organisms, attaining only a few millimeters in length and fractions of a millimeter in 
width [6]. Ax suggests that this is because they all possess the plesiomorphic condition of a 
simple mouth pore, which limits nutrient uptake and hence body size [6]. More importantly il 
leaves only minute spaces between the endoderm and ectoderm with little room for expansion of 
gonads. The corresponding small size of basal Gnathostomulida suggests that the bilaterian stem 
was a microscopic organism [6]. Based on trace fossil evidence the earliest Bilateria are 
considered to have emerged as minute wormlike organisms in the Proterozoic, between 600 M 
and 1000 Myrs ago [25, 26]. BOADEN [11, 12] agreed with this and formulated the “Thyobios" 
hypothesis which sugge.sted that tiny anaerobic Bilateria evolved in shallow water, anoxic 
sediments during the earliest emergence of the Metazoa. He suggested that as a consequence of 
their small size they would have fertilized inlemaliy [12], This correlates with geological evidence 
of low atmospheric oxygen concentrations until the middle Vendian (550 Myrs) [27, 49], A late 
Proterozoic increase in atmospheric oxygen coincides with the emergence of macroscopic 
Metazoa, first evident in the Ediacaran fauna [25, 27, 49], However, the trace fossil evidence 
indicates that Bilateria were well established before this time, and key ichnogenera are traceable 
through all the early biozones [26]. 

Furthermore, the suggestion that free spawning always reflects primitive status [33, 44] 
does not withstand close scmtiny [38, 54]. A study of extant marine invertebrates has shown that 
reproductive biology (including fertilization biology) depends on a series of covariable 
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reproductive traits [54]. When body length is less than linni metazoans fertilize internally with 
intro-sperm; only larger bodied forms successfully free-spawn ectaquasperm. Much of the reason 
for this probably relates to fertilization success. Recent studies have shown that among free- 
spawners, selection favours larger sperai numbers, larger egg numbers, as well as larger egg size 
[51, 52]. Other key factors contributing to success include distance between mates, and spawning 
synchronicity [7, 10, 51, 57], Tiny triploblastic organisms would not be able to expand the 
gonads to produce viable numbers of sperm and eggs for free-spawning and selection would 
favour some form of internal fertilization [54], or hermaphroditism [36]. 

If it is true that introsperm were basal to Bilateria, then ectaquasperm must have been 
secondarily developed many times. How could this have occurred? As mentioned, sperm 
biologists are well aware that all sperm pass through a stage in their ontogeny that resembles the 
plesiosperm [33, review;47]. Perhaps the re-expression of the plesiosperm form has occurred by 
truncation of spermiogenesis, a type of progenesis? This has been advanced to explain the 
presence of plesiomorphic structures in the spenu of schistosomes [48], and probably explains 
secondary development of ectaquasperm in teleosts [47], as well as sabellid polychaetes [60]. If 
progenetic spermiogenesis has occurred frequently among animal phyla, we might expect a 
relatively simple mechanism to control it, perhaps a molecular' switch. In vertebrates completion 
of spermiogenesis is dependent on Sertoli cells [1]. Recently, a regulatory protein was isolated 
from the round spermatid stage of rats (== plesiosperm stage), which was capable of turning on 
the production of Sertoli cell total protein and transferrin secretion [55]. If these proteins are 
found to play key roles in the completion of spermiogenesis, the regulatory protein produced by 
the spermatids could be the kind of molecular switch we are looking for. In the absence of such a 
regulatory protein, spermiogenesis could be truncated at the plesiosperm stage. 

If secondary expression of ectaquasperm has occurred frequently, as suggested, there must 
be a selective pressure favouring this type of sperm in external fertilization. Evidence indicates 
that introsperm of some marine invertebrates are capable of swimming effectively in sea water 
[14,60]. This suggests that the selective advantage to progenetic speimiogenesis may relate more 
to lower energetic costs and shorter generation times in producing the less complex ectaquaspenn, 
rather than to more efficient locomotion in a sea water medium. 
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